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Evolution of homeobox genes
Peter W. H. Holland∗
Many homeobox genes encode transcription factors with regulatory roles in animal
and plant development. Homeobox genes are found in almost all eukaryotes,
and have diversified into 11 gene classes and over 100 gene families in animal
evolution, and 10 to 14 gene classes in plants. The largest group in animals is
the ANTP class which includes the well-known Hox genes, plus other genes
implicated in development including ParaHox (Cdx, Xlox, Gsx), Evx, Dlx, En, NK4,
NK3, Msx, and Nanog. Genomic data suggest that the ANTP class diversified by
extensive tandem duplication to generate a large array of genes, including an NK
gene cluster and a hypothetical ProtoHox gene cluster that duplicated to generate
Hox and ParaHox genes. Expression and functional data suggest that NK, Hox,
and ParaHox gene clusters acquired distinct roles in patterning the mesoderm,
nervous system, and gut. The PRD class is also diverse and includes Pax2/5/8,
Pax3/7, Pax4/6, Gsc, Hesx, Otx, Otp, and Pitx genes. PRD genes are not generally
arranged in ancient genomic clusters, although the Dux, Obox, and Rhox gene
clusters arose in mammalian evolution as did several non-clustered PRD genes.
Tandem duplication and genome duplication expanded the number of homeobox
genes, possibly contributing to the evolution of developmental complexity, but
homeobox gene loss must not be ignored. Evolutionary changes to homeobox gene
expression have also been documented, including Hox gene expression patterns
shifting in concert with segmental diversification in vertebrates and crustaceans,
and deletion of a Pitx1 gene enhancer in pelvic-reduced sticklebacks.
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INTRODUCTION
The study of animal developmental biology,whether focused on morphogenesis, patterning,
or differentiation, on limbs, brain, guts, muscle,
blood, skeletons, or immune systems, rarely seems
to escape the reach of homeobox genes. These
genes are defined by presence of a (variable) DNA
sequence, the homeobox, that if translated encodes
a peptide motif with a recognizable helix-loop-
helix-turn-helix structure: the homeodomain.1 Most
homeobox genes encode transcription factors that
act through sequence-specific DNA-binding (mediated
by the homeodomain) and interaction with protein
cofactors to regulate expression of other genes,
thereby effecting changes in cell behavior or activity.
It is not always realized, however, just how large
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and diverse is the homeobox gene superclass. The
human, mouse, Xenopus, and zebrafish genomes, for
example, each have well over 200 homeobox genes,
and insects, nematodes, and amphioxus each have
around 100 homeobox genes2,3 (Figure 1; data from
HomeoDB2). Some flowering plants also have large
numbers of homeobox genes, over 100 in Arabidopsis
thaliana, although most of these genes are very distinct
from those found in animals.4 Fungi and unicellular
eukaryotes have far smaller numbers, typically less
than 10. Fungal homeobox genes are also implicated
in cellular or developmental decisions1,4 for example,
the mating type loci of baker’s yeast Saccharomyces
cerevisiae are homeobox genes.5,6
SUPERCLASSES, CLASSES, AND GENE
FAMILIES
The term ‘gene family’ is sometimes used in a loose
way to refer to a group of related genes. The problem
with this usage is that it gives no impression of the
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FIGURE 1 | Evolutionary tree showing total number of homeobox genes present in the genomes of selected animal species. The precise numbers
are liable to change slightly with each release of a revised genome assembly; these data from HomeoDB2 accessed December 20113 1R, 2R, and 3R
denote whole genome duplication events. (Animal diagrams by Tatiana Solovieva)
nested nature of evolutionary relationships. To give
greater clarity, three levels of grouping are often used
in the classification of homeobox genes: superclass,
class, and gene family. Sometimes intermediate terms,
such as subclass and subfamily are added, but these
are not used consistently.
Every gene with a homeobox sequence is a
member of the ‘homeobox gene superclass’. It does not
matter how divergent is the homeobox sequence, nor
what its role is, because classification reflects shared
evolutionary history and not a particular biochemical
function or developmental role. For example, the
Drosophila gene bicoid encodes a homeodomain
protein that binds RNA as well as DNA.7,8 Similarly,
the human genes CERS2 to CERS6 have divergent
homeoboxes, but encode transmembrane proteins and
so their homeodomains are unlikely to act as DNA-
binding motifs.9,10 Genes in the Pax-258 gene family
(such as human PAX2, PAX5, and PAX8) have only
a partial homeobox.
Below the level of superclass, a ‘class’ denotes
a set of genes that share additional motifs or a set
of genes that clearly fall together in an evolutionary
tree. Thus, the ZF class denotes homeobox genes
that also encode zinc-finger motifs, LIM class
homeobox genes encode homeodomains plus LIM
domains, and the CUT and SINE classes have their
own particular motifs. The CERS class encodes
a small group of transmembrane proteins with
divergent homeodomains, while the HNF class also
has exceedingly divergent and extended homeobox
sequences. The PROS class, represented by just a
single gene in Drosophila and two in humans, has a
different, extended homeodomain. The TALE (Three
Amino Acid Loop Extension) class genes encode
proteins, with three extra amino acids, between alpha
helices 1 and 2 of the homeodomain.11 The POU
class has a conserved approximately 75 amino acid
region immediately N-terminal to the 60 amino acid
homeodomain.
In summary, the homeobox genes of animal
genomes can be divided into 11 classes: ANTP, PRD,
TALE, POU, CERS, PROS, ZF, LIM, HNF, CUT,
and SINE.12 A few animal genes have been found
that cannot be placed readily into these categories.
Homeobox genes of plants have been classified into
14 classes: HD-ZIP I, HD-ZIP II, HD-ZIP III, HD-
ZIP IV, KNOX, BEL, PLINC, WOX, DDT, PHD,
NDX, LD, PINTOX, and SAWADEE.4 There is an
argument for merging the first four plant classes into
one HD-ZIP class, while KNOX and BEL are both
subtypes of TALE gene so they could be merged as
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one gene class. Since TALE genes are found in animals
and plants, there is an argument for erecting a higher
level of classification for these genes.
Classes are subdivided into gene families, with
over 100 homeobox gene families described. In
animals, homeobox genes are placed in the same
gene family if they all descend from a single gene in
the long-extinct common ancestor of Drosophila (an
ecdysozoan protostome) and human (a deuterostome
vertebrate), the animal sometimes referred to as the
‘urbilaterian’.12 This definition works reasonably, but
it is not perfect. Under this rule, it is relatively simple
to define many homeobox gene families, such as the
Msx, En, Emx, Otx, Tlx, Gsc, Otp, Cdx, and Gsx gene
families. For example, the Drosophila genes en and
inv, plus human EN1 and EN2, fall into the En gene
family, because they all descend from a single gene
that underwent independent gene duplication in the
two evolutionary lineages.13 Similarly, the Drosophila
gene otd, plus the human genes OTX1, OTX2, and
CRX, fall in the Otx gene family, regardless of the fact
that the name CRX is a misnomer.14 In contrast, Hox
genes do not comprise a single gene family, since the
common ancestor of bilaterian animals already had
several Hox genes.15,16 One problem is that in a few
cases it is difficult to determine the exact evolutionary
history of a set of genes. Thus, the exact number of
‘middle’ Hox genes present in the common ancestor of
bilaterian animals is hard to resolve, as is the number
of ancestral Dlx genes.15,17 Compromise is needed
in these cases. A second problem concerns apparent
‘orphan’ genes found in one evolutionary lineage but
not others, yet whose origin is obscure, such as Nanog
in vertebrates.18 A third problem is that this definition
is not easily extended to non-bilaterian animals, such
as sea anemones and sponges, nor of course to non-
animals. At least for sea anemones the bilaterian
classifications work reasonably well in most cases.19
EARLY EVOLUTION OF HOMEOBOX
GENES
Homeobox genes have been found in most
eukaryote genomes examined, but not in bacteria
or Archaea. However, immediately after discovery
of the homeobox, it was noted that the encoded
homeodomain peptide motif has a similar fold to
the bacterial helix-turn-helix proteins.20 It seems
likely, therefore, that the homeobox genes evolved
from ancestral helix-turn-helix genes. The earliest
steps of homeobox gene diversification, however,
are difficult to reconstruct. TALE class homeobox
genes are present in animals, plants, and unicellular
eukaryotes such as green algae and the amoeboid
opisthokont Capsaspora.4,21 Furthermore, plant and
animal TALE class homeodomain proteins have
sufficient sequence similarity to be confident that
these have a common origin.4,21–23 There are also
‘typical’ 60-amino acid homeodomains in plants,
animals, and other eukaryotes, although in this case
there is less evidence for homology between gene
classes.4,5 On balance, ancestral eukaryotes most
likely had one (or more) TALE and one (or more) non-
TALE homeobox genes. Subsequent gene duplication
followed independent routes in animal and plant
evolution. The homeodomain superfamily has not
been maintained in every eukaryotic lineage, and some
parasitic groups and intracellular symbionts have lost
homeobox genes from their genome.5
THE ANTP CLASS: EVOLUTION
OF HOX GENES, PARAHOX GENES,
AND THEIR RELATIVES
The ANTP class is the largest class of animal
homeobox genes, with around 100 genes in the human
genome and similar numbers in other vertebrates.3,12
There are no ANTP class genes outside the Metazoa.
ANTP class genes are divided into almost 50 gene
families (37 in human), the majority of which date
back to single genes in the ancestral urbilaterian.2,24
These include several families of Hox genes, three
ParaHox gene families, various NK (and NK-related)
homeobox gene families, the Dlx genes, and many
more. When, and how, did the great diversity of
ANTP class homeobox gene families arise?
There is no doubt the extensive tandem gene
duplication of Hox genes to form a Hox gene cluster
of perhaps 8 to 10 genes, had already occurred by the
time of the common ancestor of flies and vertebrates.15
But is there a Hox gene cluster in more divergent, non-
bilaterian animals? Answering this question turned
out to be more complex than expected. One prob-
lem is that several other homeobox genes, not part
of the Hox gene clusters, have homeobox sequences
that are very similar to those of Hox genes. These
are the Gsx, Xlox (=Pdx), Cdx, Mox, and Evx gene
families, and less conclusively the Mnx, Ro, Gbx,
and En gene families. Indeed, the homeodomains
encoded by Gsx, Xlox, and Cdx are more similar
to Hox genes than some Hox genes are to each other.
This conundrum was clarified when it was discov-
ered that Gsx, Xlox, and Cdx genes are arranged
into a distinct gene cluster in amphioxus, and indeed
in several vertebrate species.25 The name given to
this cluster, ParaHox, reflects a proposed ‘sister’
relationship with the Hox gene cluster, with the two
gene clusters (Hox and ParaHox) hypothesized to
Volume 2, January/February 2013 © 2012 Wiley Per iodica ls, Inc. 33
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NK2.1, NK cluster and neighbors Dlx, Nedx, Ro, Gbx, En,
Mnx, Hex, Mox, Evx
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FIGURE 2 | Possible evolutionary history of the ANTP class homeobox genes, involving extensive tandem duplication to generate NK genes (red)
and later ProtoHox genes (blue). Duplication of a hypothetical ProtoHox gene cluster (shown here as two genes, though the precise number is
unresolved) gave distinct Hox and ParaHox gene clusters (blue and green, respectively).
have been generated by duplication from an ancestral
‘ProtoHox’ gene cluster (Figure 2).
There has been much debate and discussion as
to the number of genes in the hypothetical ProtoHox
cluster (one, two, three, or four?). These arguments
center on the topology and robustness of phylogenetic
trees built from homeodomain proteins.25–27 The
fundamental problem with all these arguments,
however, is that assumptions made by molecular
phylogenetic algorithms might have been seriously
compromised during the evolution of these genes. For
example, if following gene duplication one daughter
gene diverges in sequence radically, while the other
retains essentially the ancestral sequence, this is rarely
revealed by molecular phylogenetics and thus trees
may not reflect reality. In addition, tandem duplication
could generate genes of apparently ‘chimaeric’
nature, which would further compromise precise
phylogenetic reconstruction.28 Regardless of details,
Hox and ParaHox genes are evolutionarily closely
related.
Solving the origin of the Hox gene cluster is
dependent on dating of the Hox/ParaHox duplication.
Following several years of confusion, the situa-
tion in the four non-bilaterian phyla (Cnidaria,
Porifera, Ctenophora, and Placozoa) is now becoming
clearer. Cnidarians, such as sea anemones and Hydra,
have several Hox-like homeobox genes and careful
genome synteny analyses in Nematostella vectensis
have shown that these include a small cluster of
definitive Hox genes19,29 and a separate pair of Para-
Hox genes.30 The two ParaHox genes of Nematostella
had been interpreted as an orthologue of Gsx (called
Anthox-2 or Cnox-2) and a putative Gsx/Xlox pre-
cursor NvHD065,26 but the latter interpretation is
challenged by finding of a true Xlox gene in hydrozoan
cnidarians.31 The data indicate that distinct ParaHox
and Hox gene clusters were present in the common
ancestor of cnidarians and bilaterians. As stressed by
Kamm and Schierwater32,33, this does not necessarily
imply that the functions are the same in cnidarians
and bilaterians. In contrast to cnidarians, no Hox-like
genes have been found in the genomes of either porifer-
ans (sponges) or ctenophores (comb jellies),34,35
implying that some animals build their bodies with-
out Hox genes. Assuming that animals in these phyla
have not lost these genes in evolution, Hox genes orig-
inated quite early in animal diversification, though
not right at the base. The placozoan Trichoplax
adharens has what might be an intermediate condi-
tion. In this animal just a single Hox-like gene, Trox-2,
has been found, most similar in sequence to bilate-
rian Gsx and cnidarian Cnox-2 genes.36–38 Whether
Trox-2 represents a relict ‘ProtoHox’ gene is a tan-
talizing possibility. Trox-2 has a striking expression
pattern in a ring of dividing cells close to the periphery
of the animal, and functional assays suggest it plays a
role in growth of the animal.39
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In many bilaterian genomes, including those of
mouse, human, amphioxus, and annelids, Hox genes
are found close chromosomally to other ANTP class
genes, notably the Evx (eve) and Dlx (distalless) genes,
plus in some species Ro, Mnx, En, Mox, Hex, Nedx,
and/or Gbx.40 Other ANTP class genes also form
chromosomal arrays, with the largest being the so-
called ‘NK homeobox gene cluster’ or ‘MetaHox gene
cluster’,41–43 including genes of the NK4 (=Csx or tin),
NK3 (=bap), NK1, Tlx, Lbx, Msx, NK5 (=Hmx),
NK6, and NK7 genes. These linked arrays of genes,
the Hox-linked array and the NK-linked array, though
variable between species and not always retained in
tight clusters, are remnants of the evolution of the
ANTP class genes by extensive tandem gene dupli-
cation (Figure 2). Furthermore, these events can be
dated to very early in pre-bilaterian animal evolution
because sponges and comb jellies, although lacking
Hox/ParaHox genes, have many genes typical of the
NK-linked array, as does Trichoplax.34,36,38 A picture
emerges of extensive expansion of the ANTP class of
homeobox genes by gene duplication early in animal
evolution. This expansion spawned the NK-linked
genes, then later the Hox-linked genes (including true
Hox genes), and the ParaHox genes (Figure 2).
In extant bilaterian genomes, such as those of
amphioxus and polychaetes, it is usual to find all these
ANTP class genes at four major chromosomal sites:
one containing the Hox-linked genes, one compris-
ing the ParaHox genes (Gsx, Xlox, and Cdx), one
including the NK-linked genes, and a fourth loca-
tion comprising a pair of unusual NK genes denoted
NK2.1 and NK2.244–46 (Figure 2). In many species
these four genomic locations have been disrupted by
gene loss and rearrangement, while in vertebrates each
genomic region has been quadruplicated. The ances-
tral set of homeobox genes that gave rise to the Hox
gene cluster and its chromosomal neighbors has been
called the ‘SuperHox’ gene cluster,40 while the hypo-
thetical ancestral array of ANTP class genes including
Hox- and NK-linked arrays has been dubbed the
‘Mega-cluster’.45–47
Hox, ParaHox, NK: The Germ-Layer
Hypothesis
Studies on the evolution of ANTP class genes have
suggested an intriguing link with the evolution of body
plans. Hox genes have been implicated in specifying
position along the anteroposterior axis of many
bilaterian animals. In vertebrates, mutant analysis
and gene expression patterns suggest that these roles
apply to the central nervous system, the peripheral
nervous system, the notochord, the vertebral column,
and the visceral mesoderm surrounding organ
systems.48–51 In short, the principal roles of vertebrate
Hox genes are in ectoderm and in mesoderm. A
similar ectoderm/mesoderm patterning role is seen
in Drosophila52,53 apart from a specialized role of
one gene in one midgut endodermal cell type.54 In
many other groups of animals, including amphioxus,
ascidians, annelids, hemichordates, and molluscs,
the principal tissues displaying anteroposterior-nested
Hox gene expression are only ectodermal, particularly
neural.55,56 The ancestral role of Hox genes, at least
in bilaterians, was most likely to specify or encode
positional information along the anteroposterior axis
of ectoderm.55–57 In some groups, such as vertebrates
and insects, a mesodermal role was added later.
In contrast the ParaHox gene cluster, the pro-
posed sister of the Hox cluster, seems to be predom-
inantly involved in endoderm patterning, or to be
embryologically correct gut-patterning since in many
animals the extreme anterior and posterior parts of the
gut tube are not strictly endodermal.25,57,58 The most
‘posterior’ of the three ParaHox genes, Cdx, marks
the anus region of many animals, including verte-
brates, amphioxus, annelids, molluscs, and (for its
zygotic role) Drosophila. The ‘central’ ParaHox gene,
Xlox or Pdx, is expressed and functional in the endo-
derm of the central gut, around the pancreas/duodenal
region of vertebrates,59,60 the homologous region in
amphioxus and in a central gut region of at least some
molluscs and annelids. The gene has been lost from
insects and nematodes. Are these two genes revealing
an underlying ‘rule’ about ParaHox gene activity? If
so, then one might expect the ‘anterior’ ParaHox gene,
Gsx, to be expressed in the mouth. The situation is not
so simple, however, since in Drosophila the Gsx gene
(called ind) is expressed along the ventral nerve cord,
in vertebrates the duplicated Gsx genes have roles in
the brain and the amphioxus ortholog is expressed in
the cerebral vesicle.25
Gsx may not have a ‘gut-patterning’ role in
flies, amphioxus or vertebrates, but this does not
exclude the possibility that the ancestral role of
Gsx was to specify the mouth region, because
gene functions can be modified in evolution. It
is worth noting that evolutionary scenarios based
on comparative embryology suggest that vertebrates
(along with amphioxus, ascidians, echinoderms, and
hemichordates) have lost the ancestral mouth region,
evolving a ‘second mouth’ not homologous to the
mouth of other animals, nor homologous to the
ancestral bilaterian mouth (though alternatives to this
hypothesis have been proposed61). This leaves open
the possibility that the ancestral role of the three
ParaHox genes in bilaterian animals was to specify
mouth, midgut, and anus, and that in deuterostome
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FIGURE 3 | Hypothetical role of Hox, ParaHox, and NK homeobox
gene clusters in patterning of neural, gut, and mesodermal tissues in an
early bilaterian animal. Anterior to the left.
animals (such as vertebrates and amphioxus) the role
of Gsx in the mouth was lost when an ‘new mouth’
evolved.58 Analysis of ParaHox gene expression
in molluscs and annelids (which are protostomes,
not deuterostomes) reveals clear Gsx expression in
the developing mouth region, as predicted by this
hypothesis.62,63
In summary, in the earliest bilaterian animals the
Hox genes probably had primary roles in specifying
anteroposterior position along the centralized nerve
cord while the ParaHox genes may have played
a similar role in the developing gut (Figure 3).
These may not have been their only roles, for
example localized neural expression is also commonly
seen for ParaHox genes. Nerve cord and gut are
not the only two systems for which patterning is
needed. The long-extinct early bilaterian animals,
including the common ancestor of humans, fish, flies,
worms, snails, and millions more species, were able
to exploit the world actively in three-dimensions;
with directed locomotion, an anterior brain, sense
organs, and a forward-facing mouth. To effect active
locomotion, whether it be burrowing, crawling, or
swimming, mesodermal patterning was also required.
Intriguingly, the third of the ANTP class gene clusters
discussed above, the NK homeobox gene cluster,
includes several genes with predominant expression
in mesoderm.42 These include Msx, NK4 (=Csx or
tin), and NK3 (=bap) genes. Further comparative
studies are needed, but it is a possibility that these
genes played an ancient role in mesodermal patterning
in the first bilaterian animals. This may not have
been concerned with anteroposterior patterning of
the mesoderm, and was perhaps a role in specifying
different mesodermal functional domains, perhaps
around the mediolateral axis of the animal.
This hypothesis proposes that early bilaterian
animals used three sets of ANTP class homeobox genes
to pattern three major embryonic systems: the nerve
cord, the gut, and the mesoderm, roughly (but not
precisely) equivalent to three germ layers (Figure 3).
These would not be the only genes involved, and
evidence has been published in support of similarly
distinct roles for different sets of Fox class transcrip-
tion factors.64,65 It does not propose that the origin of
distinct Hox, ParaHox, and NK sets of genes was the
cause of the evolution of new tissues and structures,
only that these genes were recruited to new tissues
and body structures as they evolved. It also makes no
statement about the role of these genes in non-
bilaterian animals. For example, cnidarians, such as
the sea anemone Nematostella vectensis, have distinct
sets of genes homologous to Hox, ParaHox, and NK
genes, but these animals do not have a central nerve
cord, distinct mouth and anus, or extensive mesoder-
mal differentiation. These genes may play different
roles in cnidarians, as has been argued by others.32
Furthermore, the sponge Amphimedon queenslandica
has clear NK genes, though not Hox or ParaHox
genes, but this does not mean that sponges are meso-
dermal animals. Gene functions change in evolution.
THE PRD CLASS: METAZOAN
DIVERSITY AND MAMMALIAN
ADDITIONS
The PRD homeobox class, named after the Drosophila
gene paired, includes the ‘Pax genes’ (genes possess-
ing a ‘paired box’) that also contain a homeobox
sequence, including the Pax2/5/8, Pax3/7, Pax4/6,
and eyg gene families, but not the Pax1/9 family. The
poxn genes lack a homeobox in bilaterians, although
a cnidarian homolog possesses one.66 In addition to
Pax genes, I also include in the PRD class many related
genes with a homeobox but not a paired box: approx-
imately 40 gene families in bilaterian animals (31 fam-
ilies in human12). Examples include Gsc (goosecoid;
implicated in gastrulation and mesoderm patterning),
Hesx (involved in forebrain and pituitary develop-
ment), Otx (an early anterior marker in flies and ver-
tebrates), Otp (another brain development marker),
Dmbx (a mid- and hindbrain expressed gene), and Pitx
(including Pitx1 involved in fin/limb development and
Pitx2 implicated in left-right axis patterning). Other
authors divide this class into PRD and PRD-like, the
former having a paired box and the latter most likely
being the ancestral form of these genes.1
PRD genes are rarely found in ancient conserved
clusters, although some arrays of PRD class
genes are present in mammals, notably the Obox,
Rhox, and Dux loci. The mouse Obox (oocyte-
specific homeobox) genes are expressed in germ
cells and implicated in reproductive biology, but
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they are not present in humans and may have
evolved specifically in rodents.67,68 They comprise
a large gene cluster at mouse chromosome 7 A1-
2, including 6 intron-containing homeobox genes
and 28 intronless loci, plus probable pseudogenes
on another chromosome.67,68 Since this gene cluster
arose relatively recently in evolution, it is unclear
if clustering is functionally significant and retained
by natural selection. The same applies to the Rhox
(reproductive homeobox) genes expressed during
embryogenesis and gametogenesis.69 These constitute
an enormous gene cluster in mouse, with 36 loci
clustered together at chromosome X A3.3. Rhox genes
are present in other mammals; the human genome
contains three Rhox loci at chromosome Xq24.
Another PRD class homeobox gene family
to have expanded massively during mammalian
evolution is the Dux (double homeobox) gene family,
which typically contains two homeobox sequences
per gene. Four intron-containing Dux genes can be
found in placental mammals, named Duxa, Duxb,
Duxc, and Duxbl, although not every species has
all four due to gene losses in some evolutionary
lineages of mammals.70,71 There are large numbers of
intronless Dux loci in some mammals, for example, the
human genome has at least 36 Dux loci, although this
number is variable and probably an underestimate,
because Dux homeobox sequences have become part
of a 3.3 kb tandemly repeated element in human
euchromatin and heterochromatin.72 Some of these
repeated units are functional; contraction in the
number of Dux repeats in the D4Z4 tandem array
at human chromosome 4q35 is associated with a
condition known as facioscapulohumeral muscular
dystrophy, probably acting through alteration of
local chromatin structure.73 The precursor to the
Dux repeats must have arisen by retroposition from
a transcript of one of the intron-containing Dux
genes, most likely Duxc, early in placental mammal
evolution.70 As for the origin of the Dux gene family
itself, this can be dated to the base of placental
mammals, since a potential precursor gene—with
just a single homeobox sequence—has been identified
in the genomes of marsupial mammals (wallaby,
opossum), a monotreme (platypus) and two non-
mammalian amniotes (chick and anole lizard).71
Another intriguing feature of PRD class gene
evolution is the evolution of ‘new’ PRD class loci
during vertebrate evolution. For example, homeobox
genes in the Dprx, Tprx, Leutx, and Argfx gene fam-
ilies have only been found in placental mammals to
date.12,68,71,74 The evolutionary origins of these genes
are not fully resolved, but evidence is accumulating
that they may have originated by tandem duplication
from the Crx homeobox gene (a member of the Otx
gene family), followed by extensive sequence diver-
gence.
THE EFFECT OF GENOME
DUPLICATION
The expansion of the ANTP and the PRD class
genes can be attributed primarily to tandem gene
duplication, with occasional segmental duplication.
In contrast, whole genome duplication is rare in
animal evolution, although it has also been relevant to
homeobox gene diversification. There is now strong
evidence for two complete genome duplications early
in the evolution of vertebrates,75–77 referred to as
the 2R event, and one additional whole genome
duplication in teleost fish, referred to as the 3R78,79
(Figure 1).
Studies of homeobox genes provided an
important strand of evidence in early discussions
concerning the existence and timing of the 2R
event.76,80 For example, the discovery of a single
Hox gene cluster in amphioxus76,81 (Figure 4), first
suggested that duplications post-dated the divergence
of vertebrates from cephalochordates, contrary to the
early speculations of Ohno.82 As other homeobox
genes were cloned from amphioxus, these gave a
remarkably consistent picture: one gene in amphioxus
was very often related to two, three, or four homologs
in vertebrates.83,84 The complete genome sequencing
of an amphioxus species, Branchiostoma floridae,77
showed that this pattern extends to most of the
homeobox superclass, the implication being that there
has been a high retention rate of homeobox genes
after the 2R genome duplications. Recent surveys
of homeobox genes in completed genome sequences
estimate 255 functional homeobox genes in human,
279 in the mouse and 238 in the amphibian Xenopus
tropicalis, but only 133 in amphioxus and 104 in
Drosophila melanogaster3 (Figure 1).
The consequences of the teleost fish-specific 3R
event on homeobox gene evolution may be subtly
different from those of the 2R events. The zebrafish
genome does have more homeobox genes than other
well-studied vertebrates (315 putatively functional
homeobox genes), although numbers for non-teleost
(pre-duplication) ray-finned fish are not yet known.
When Hox genes in particular are examined, there
is evidence of duplication from four clusters to eight
in teleost fish, although significant Hox gene loss fol-
lowed the 3R event. Thus, zebrafish has 49 Hox genes,
two pufferfish each have 45, stickleback has 48, and a
tilapia has 46.85 These figures are not massively larger
than the 39 Hox genes of mouse or human, suggesting
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FIGURE 4 | Single Hox gene clusters in an insect (Drosophila melanogaster) and amphioxus (Branchiostoma floridae) are homologous to four
gene clusters in human or mouse (Mus musculus). Color coding denotes division of Hox genes in ‘anterior’, ‘group 3’, ‘middle’, and ‘posterior’ groups.
The group 3 gene in D. melanogaster has triplicated and diverged to give zen, zen2, and bcd. The Hox genes zen, zen2, bcd, and ftz have diverged in
function and do not have homeotic roles.
that around 45 might represent a limit of Hox
gene complexity attainable (or retainable) in teleost
fish.
USE IT OR LOSE IT
Attempts to relate genetic change to phenotypic
change in evolution should not overlook gene loss.
Inactivation of a gene could be causal in altering a
genetic pathway or process, or it could be a secondary
consequence (mutations accumulating in a gene that is
no longer needed). Until the advent of whole genome
sequencing, it was almost impossible to deduce if loss
of a gene had occurred in evolution, because even if
cloning attempts had failed this could always be for
technical reasons or unusual sequence divergence.
One example is the apparent absence of the
abdA Hox gene in cirripede barnacles,86,87 as assessed
by PCR and library screening. This is interesting
because cirripede barnacles have extremely reduced
abdomens, precisely the domain where abdA genes
are deployed in other arthropods. Similarly, it has
been proposed that hagfish lack the Pdx family of
ParaHox genes,88 a family of genes normally involved
in pancreas development. Hagfish may have lost a
defined pancreatic organ in evolution. In both these
cases, circumstantial evidence for gene loss is strong,
but complete genome sequencing will be needed to
verify these proposals. In these cases a link between
gene function and morphology seems clear, but other
cases warn us that such correlations will not always be
straightforward. For example, a survey of Hox genes
in a range of nematode species revealed extensive Hox
gene loss in some clades, with Caenorhabditis elegans
having around half the ancestral Hox genes, and
Trichella spiralis, Brugia malayi, and Ascaris suum
having lost only three or four.89 Linking these losses
to changes in developmental mechanisms is not yet
possible.
With complete genome sequences now available
for many animals, it is possible to examine global
patterns of gene loss or retention. For example, com-
paring the homeobox gene complements between the
three chordate subphyla (Tunicata, Cephalochordata,
and Vertebrata) and outgroups reveals an interesting
picture. Vertebrates (including humans) lost 7 ancient
homeobox genes, tunicates (including the ascidian
Ciona and the larvacean Oikopleura) lost 25 ancestral
genes, and cephalochordates (amphioxus, Branchios-
toma) lost none.24,90,91 It is not clear why there is
such a dramatic difference, although it can be argued
that the cephalochordate (amphioxus) body plan is
the least derived compared to the inferred ancestral
morphology, so there is a parallel between extent of
morphological divergence and gene loss.
A final example of differential gene loss
concerns a dramatic difference between primates
and rodents. The human and mouse genomes
have different numbers of homeobox genes because
of both gene duplications (discussed above) and
gene losses. Comparisons between the genomes of
different mammals revealed that the Leutx, Ventx,
Argfx, Dprx, Shox, Rax2, LOC647589, Tprx1, and
Nanognb homeobox genes—all of which are present
in a diversity of placental mammals—were lost in
rodent evolution but not in primate evolution.68
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EVOLUTIONARY CHANGES IN
HOMEOBOX GENE EXPRESSION
Several well-studied mutations in Drosophila Hox
genes, including the original dominant Antp mutation,
are associated with Hox genes being expressed
at the wrong time or in the wrong place.92,93
Similarly, ectopic expression of mouse Hox genes can
cause homeotic phenotypes or other developmental
abnormalities.94 These and other studies indicate
that the correct function of Hox genes is critically
dependent on their time and place of expression. The
same applies to many other types of homeobox gene.
It is perhaps not surprising, therefore, that differences
in homeobox gene expression between species can be
associated with phenotypic differences.
One of the first examples reported concerns
the expression of vertebrate Hox genes.95,96 Different
species of vertebrate animals have different numbers of
vertebrae in their skeletons specialized for particular
regions of the body. For example, the mouse has
7 cervical or neck vertebrae, 13 thoracic or rib-
bearing vertebrae, 6 lumbar, 4 sacral, and many
caudals, whereas chick has 14 cervical, 7 thoracic,
12–13 lumbosacral, and 5 coccygeal (vestigial tail)
vertebrae. Goose is different again. The implication
is that during vertebrate evolution, developmental
pathways have been altered such that a particular
somite will differentiate into one shape (e.g., a neck
vertebra) in one species, but a different shape (e.g., a
rib-bearing vertebra) in another species. Comparison
of Hox gene expression patterns between embryos of
different vertebrates showed that anterior expression
boundaries varied between species in concert with
morphological change.95,96 To give just one example,
Hoxc6 has an anterior expression boundary around
somite 12 in mouse, somite 19 in chick, and somite
22 in goose; in each case this corresponds to the first
thoracic vertebra95 (Figure 5). It would be easy to
dismiss this as simply correlation, but this would
miss the point. We know, from mutational and
transgenic studies, that moving Hox gene boundaries
will cause somites to differentiate in altered ways; Hox
genes are causative factors in ensuring development
occurs correctly in relation to anteroposterior postion
along the body axis. Hence, it is very likely that
naturally-occurring mutations that shifted Hox gene
expression boundaries were the cause of shifting axial
identities in the evolution of vertebrate diversity.
A similar link between Hox gene expression
and morphology has been reported across crustacean
diversity. The embryonic anterior expression bound-
ary of the Ubx gene (detected using a cross-reactive
antibody to both Ubx and abd-A proteins) pre-













FIGURE 5 | Schematic diagram demonstrating correlation between
the anterior expression boundary of the Hoxc6 gene (blue domain) and
the cervical–thoracic boundary in different vertebrate species. The gene
is expressed at earlier developmental stages, in embryonic somites,
before formation of definitive vertebrae. Occipital vertebrae, which
contribute to the base of the skull, are not shown. (Based on data from
Ref 95)
transition between two functionally and anatomi-
cally distinct types of appendage97 (Figure 6). Anterior
to this boundary, the appendages on segments are
used for feeding, while posterior to this bound-
ary the appendages are adapted for locomotion.
The feeding/locomotion transition can occur any-
where from the first to the fourth thoracic segment
depending on species. The same researchers also
detected cases of intermediate morphology marked
by lower or patchy expression of the Hox gene.
More recently, a causal relationship between Ubx
expression and this morphological boundary has been
confirmed. Use of siRNA to interfere with Ubx
gene function in the crustacean Paryhale hawaien-
sis demonstrated that reduction in Ubx causes
transformation of ‘locomotory segments’ into ‘feed-
ing segments’, or at least into segments bearing
appendages with feeding morphology.98 Similarly,
ectopic expression of Parhyale Ubx causes feeding
to locomotory transformations.99 Shifting Hox gene
boundaries correlate with, and most likely have con-
tributed to, anatomical changes to body organization
during evolution.
In the vertebrate and crustacean examples above,
Hox gene expression changes were conserved, but
the precise mutational changes responsible were not
identified. An opposite situation has been reported
in baleen whales, where a regulatory DNA sequence
next to a Hox gene has been found to be mutated but
the precise effect on gene expression is not known.100
Engineering the mutation into the homologous mouse
sequence affects Hox gene expression in a transgenic
mouse assay, but the in vivo effect on development
in an animal as experimentally intractable as a whale
is not known. A neat example where mutation, effect
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FIGURE 6 | Schematic diagram showing segmental specialization in three crustacean species in relation to the the expression of Ubx protein,
detected using an antibody recognizing Ubx and AbdA (blue domain). The six head segments shown are Oc, ocular; A1, first antennal; A2, second
antennal, Mn, mandibular; Mx1, first maxillary; Mx2, second maxillary. Only the first five trunk segments are shown (T1–T5). Segments Mn, Mx1, and
Mx2 usually bear feeding appendages, and trunk segments bear locomotory appendages. In Mysidium T1, and Homarus T1 and T2, trunk segments
are modified as feeding appendages, in association with absence of Ubx protein expression. Mysidium T2 has an intermediate state. (Based on data
from Ref 97)
on gene expression and phenotypic consequence are
all known concerns one of the PRD class homeobox
genes of vertebrates, Pitx1. Three-spined sticklebacks
Gasterosteus aculeatus show considerable variation
in the development of their pelvic fins, with some
marine or migratory fish developing large and spiny
pelvic fins, and others from freshwater having greatly
reduced pelvic skeletons. The Pitx1 homeobox gene,
implicated in the development of limbs, thymus, olfac-
tory pits and sensory neuromasts, differs in expression
between embryos of these fish, being undetectable
specifically in the developing pelvic region of the
freshwater forms.101 This difference has been traced
to deletion mutations in the enhancer of the Pitx1
gene that modify expression without inactivating the
gene102 (Figure 7).
CONCLUSION
The homeobox gene superclass is diverse. Although
found throughout eukaryotes, it was particularly dur-
ing animal evolution that homeobox genes diversified
to take up a multiple of developmental roles. In
animals, homeobox genes can be classified into at
least 11 classes, including the large ANTP and PRD
gene classes, each in turn divided into gene families.
Within the ANTP class are three sets of homeobox
genes that are ancestrally arranged into gene clus-
ters—Hox, ParaHox, and NK—and each of these
is a remnant from a swathe of ANTP tandem gene
duplication that occurred in early animal evolution.
Evidence is accumulating that Hox, ParaHox, and
NK homeobox genes may have ancestrally patterned
three major embryonic systems—the nervous system,
the gut and the mesoderm. This hypothesis needs
further testing. In the PRD class, there is little evi-
dence for ancient gene clusters, although more recent
tandem duplications have generated some massive
arrays of PRD class genes in mammals, notably the
Obox, Rux, and Dux clusters. Genome duplication
is also a force in homeobox gene evolution, with
two whole genome duplications in early vertebrate
evolution driving an increase in total homeobox
gene count and one additional genome duplica-
tion in teleost fish leading to a moderate increase.
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FIGURE 7 | Deletion of a Pitx1 ‘pelvic enhancer’ in pelvic-reduced sticklebacks. An enhancer region driving Pitx1 gene expression specifically in
the pelvic region is located around 34 kb 5′ of the Pitx1 transcriptional start site (top line). A population of three-spined sticklebacks from Salmon
River has a complete pelvic region (shaded black) and the cis-regulatory region is complete. Isolated freshwater populations (three examples shown)
can have dramatically reduced pelvic regions, associated with deletion mutations covering or overlapping the characterized pelvic enhancer. (Based
on data from Ref 102)
New homeobox genes generated by gene dupli-
cation may provide opportunities for natural selec-
tion to adapt genes to novel roles, but gene loss
might be an equally potent force in evolution. Some
examples are known where loss of individual home-
obox gene correlates with morphological simplifica-
tion, but on the whole the patterns of homeobox
gene loss generate more questions than answers. Gene
gain and loss are not the only dynamics to consider,
as evidence accumulates for an important role for
gene expression change in evolution. Examples from
vertebrates and crustaceans have revealed shifting
Hox gene expression boundaries in concert with
changes to anatomy, but it remains a challenge to
find the actual mutations responsible. Where muta-
tions affecting homeobox gene expression have been
identified and linked to phenotypic change, such as
deletions in an enhancer for Pitx1 in pelvic-reduced
fish, this has taken a herculean effort. More such
examples are needed if the evolution of homeobox
genes is to be fully related to our understanding of
the evolution of development and the diversification
of body form.
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APPENDIX
TABLE 1 A Homeobox Glossary
Homeobox DNA sequence motif usually translated into homeodomain. Found in many genes, not just Hox genes.
Present in eukaryotes.
Homeodomain Peptide motif encoded by homeobox, capable of folding into three alpha helices with certain conserved
residues. Often 60 amino acids though many are longer.
Homeotic gene A gene which when mutated causes transformation of one body structure into the likeness of another.
Most Hox genes are homeotic, though not all homeotic mutations are in Hox genes.
Hox genes Genes orthologous to genes of the ANT-C and BX-C gene complexes of Drosophila and the Hoxa, Hoxb,
Hoxc, Hoxd gene clusters of mammals. Often but not always in gene clusters. All Hox genes possess a
homeobox, but not all homeobox genes are Hox genes. Present in most but not all most animal phyla.
Implicated in anteroposterior positional specification in bilaterian animals.
Hox-linked gene array A set of homeobox genes mapping chromosomally close to Hox genes, but not necessarily as one
tightly-linked gene cluster. Depending on species may include Hox, Evx, Dlx, Ro, Mnx, En, Mox, Hex,
Nedx, and/or Gbx.
ParaHox genes A set of three homeobox gene families (Gsx, Xlox/Pdx, and Cdx) with high sequence similarity to Hox
genes. Clustered in some animal species. Implicated in gut and neural patterning.
ProtoHox gene Hypothetical ancestral gene that gave rise to Hox and ParaHox genes, possibly through the intermediate
step of a ProtoHox gene cluster. Pre-dated the cnidarian-bilaterian divergence.
Mega-cluster Hypothetical ancestral gene cluster containing precursors of NK-linked gene array and Hox-linked gene
array.
MetaHox gene cluster An alternative name for the NK homeobox gene cluster.
NK homeobox gene cluster A tightly-linked cluster of homeobox genes comprising some but not necessarily all of NK1, NK3, NK4, Tlx,
Lbx, and Msx. Gene cluster present in insects, but secondarily dispersed in vertebrates and amphioxus.
NK-linked array A set of homeobox genes mapping chromosomally close to NK cluster genes, but not necessarily as one
tightly-linked gene cluster. Depending on species may include NK1, NK3, NK4, Tlx, Lbx, Msx, NK5, Emx,
and/or NK6.
SuperHox gene cluster Hypothetical ancestral gene cluster in bilaterian ancestor containing precursors of Hox-linked array only,
before their dispersal. Proposed to have comprised Hox, Evx, Dlx, Ro, Mnx, En, Mox, Hex, Nedx, and
Gbx.
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